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ATRCRAFT MICROWAVE MEASUREMENTS OF THE ARCTIC ICE PACK> 


Alan E. Strong and Michael H. Fleming 


ABSTRACT. Microwave radiometer data (19.3 GHz or 1.6 
em) taken from an aircraft mission over the Arctic 
Ocean near Point Barrow, Alaska, are examined. ‘The 
microwave brightness temperatures corresponding to 
varying ice pack conditions are correlated with 
simultaneous photography and infrared radiation data. 
Microwave measurements of the surface taken both 
through and from beneath a stratus cloudcover are 
investigated for atmospheric attenuation and emission 
effects. The influence of clouds is greatest when 
Viewing surfaces such as water, which appears cold 
at microwave frequencies because of its low emissivity. 
In general, cloudiness diminishes the capability of 
the 19.3-GHz radiometer to discriminate between ice 
and water. Polynya and other openings in the ice 
pack display a characteristic brightness temperature 
near 100°K when viewed through a cloud~free atmo- 
sphere, whereas they appear as much as 20-h0°K 
warmer when clouds intervene between the surface and 
the radiometer. 


‘I. INTRODUCTION 


Recent aircraft overflights have demonstrated that remote sensing 
within the microwave region of the electromagnetic spectrum affords 
great promise of useful information to the oceanographer, meteorologist, 
hydrologist, geologist, geodesist, and geographer. The present Nimbus 
satellite schedule indicates that microwave data of Earth from the 
vantage point of space will become available during 1972. At 19.35 GHz 
(1.6 cm), the microwave radiometer will be viewing Earth's surface close 
to the atmospheric water vapor attenuation peak (22.235 GHz). Although 
data presented in this study are from a radiometer nearly identical to 
the proposed Nimbus instrument, discussion will not be limited to this 
frequency. Background information on microwave radiometry is available 
from several sources (Paris 1969, Porter and Florence 1969, Edgerton 
et al. 1968, Hyatt 1967, and Shifrin 1968). Specific information on 
this 19.35- GHz passive system can be found in path one et al. (1969), 


1. Material in this Technical Memorandum was presented under the same 
title at the Slst Annual Meeting of the American Geophysical Union, 
Washington, D.C., 20-24 April 1970. 

2. In 1968, the U.S.S.R. launched Cosmos 23 which carried a passive 
microwave sensor (l-38 GHz). 
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Stogryn (1967), and Catoe et al. (1967). Discussion of the radiometer 
specifics is not given here because the interested reader may refer to 
the above cited’ publications. 


On May 31, 1967, NASA's Convair 990 flew over the Arctic Ocean from 
Point Barrow, Alaska. Figure 1 provides a chart of area and flight 
track. During this flight, data were gathered through clouds and from 
beneath the clouds over solid pack ice, open pack, young ice, open water, 
and snow. During early May of the same year some radar scatterometry © 
data were taken by NASA. A report documenting these data was published 
recently by Rouse (1969). Comparisons between the two flights were not 
possible since the scatterometry mission was concerned with less variable 
ice conditions 150 miles north-northeast of Point Barrow and the radiom- 
etry mission with the more irregular ice concentrations within several 
tens of miles from Point Barrow. 


c 


II, THE MICROWAVE MISSION 


Instruments on the Convair 990 pertinent to this report were: (1) 
the electrically scanning microwave radiometer, (2) a scanning medium- 
resolution infrared radiometer (MRIR), and (3); a 9- by 9-inch downward- 
looking camera. The 19.35-GHz radiometer scans from left to right 
beneath the aircraft. Data were obtained from 39 incremental steps from 
50° left to 50° right of nadir. The field of view (FOV) at each step is 
2.8°. Digitized and calibrated radiometric brightness temperatures were 
made available by NASA. Table 1 shows the effect of scan angle from 
nadir and of altitude on the dimensions of tne radiometer's FOV at the 
Earth's surface. The 600-nautical-mile altitude included in this table 
provides a resolution comparison for the planned orbit of the Nimbus 
satellites. The scale of floe size categories is included to illustrate 
the instrument's ground resolution in terms of floe classification. 


The MRIR scanned fore-to-aft beneath the aircraft along the flight 
path. Of the five channels of data available from the MRIR, the 
discussion is limited to the 10-11 micraneter window (channel 2). 
Surface temperatures are derived from these data when clouds are not 
present in the atmosphere between the instrutient and: the surface. 


A rotating mirror in the MRIR provides a scan line every 7.5 secmds 
through a 2.9° aperature of the surface below (Cherrix and Sparkman 
1967). Consequently,.assuming that atmosphere attenuation can be 
accounted for, data at nadir from both the microwave and infrared radiom- 
eters provide surficial information from nearly Biretent scan-spot 
dimensions. 


_ A T-11 camera with a 9- by 9-inch frame was used to take downward- 
looking, black and white photographs. The 7° by 74° field of view of 
this camera (Catoe et al. 1967) Seg ah sufficient coverage to 
correlate wth the radiometers. 
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Table 1.--Field of view for the 19.35 GHz microwave radiometer at various altitudes ana scan 


angles. 

Scan Angle | Altitude of Radiometer | 
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The weather at Point Barrow during this flight (1200 IMT) included 
broken to overcast low stratus at the inversion ceiling (approximately ” 
1 km and 0°C) and light snow. The shelter-level maximum daily air 
temperature had been about -5°C for the week prior to the flight and 
was -2°C at the time of the flight... 


] A high altitude rum out from Point Barrow at 10 km provided microwave 
data of the water and ice that were partially contaminated with inter- 
vening cloud and atmosphere (to be discussed later). These effects were 

minimized on the return transit, because the plane flew beneath the 
stratus at an average altitude of 0.3 km (300.meters). The low-level 
pass was. to have duplicated the track of the high-level pass, but the 
navigation data are not adequate to determine precisely the degree of 
error. The low-level flight, however, was well within the relatively 
wide swath covered by the high-level data. Photographic, microwave, and 
infrared data along the low-level pass thus can be‘compared with data 
from the high-level pass. 


: ' TTI. DATA AND RESULTS 


The spectral intensity (I,) of the radiation emitted, as viewed from 
the aircraft at an angle @ from nadir, is proportional to the absolute 
temperature (T,,) and emissivity (€) of the viewed surface: 


1(9) = €(@) Ty. 


The intensity of radiation, regardiess of angle, has been commonly 
referred to as brightness temperature (Tp): 


Tp 2 €4,. 
Microwave brightness temperature values are available in a digitized 
mode from NASA at approximately 2.8° increments along every scan line. 
To stay within the limits of the photography (+37°), only the microwave 
data +30° from nadir were used. Figure 2 shows the scanning ofthe 
microwave radiometer relative to the photography. Photographs were taken 
at a 10-second interval, whereas the microwave scanning was done at a 
2-second interval during the high altitude pass and increased to l1-second 
intervals at low altitude. Consequently, at the speed the aircraft was 
flying (approximately 285 knots at the low altitude and 190 knots at the 
high altitude), neither the microwave imagery nor the photographs were 
contiguous. ‘ 


A small time difference between the scanner and the camera was 
found during analysis. From several photographs showing abrupt 


nM 
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boundaries between ice (high emissivity) and water (low emissivity), a 
2-second discrepancy was found to exist between these two systems. An 
adjustment has been incorporated into the data analysis and correlation 
without.specifying which instrument was in error. | 


A test for signal homogeneity as a function of scan angle was made 
using selected portions of the low-level data pass taken over the ice- 


free water and over compacted pack ice (solid pack ice). The data 


locations were easily established from the photographic observations and 
from the rather uniform character of the mapped Tp values. Results are 
presented in figures 3 (open water) and (pack ice). An average of 30 
scan lines was used for the open water test; an average of 13 scan lines 
was used for the ice analysis. The microwave radiation over calm water 
follows the predicted near-cosine fall-off with increased angle from 
nadir (Stogryn 1967). The maximum variance of the observed brightness. ~ 
temperatures over water using both’ left and right scan angles was 
determined to be about 5°K. Over ice this variance was between 5°K and 
10°K. Although quantitatively the extremely low Tp's indicated by the © 
radiometer over water appear doubtful, one would expect calibrated values 
to be near 120°K (Paris 1969); the Deraids measurements are of interest.’ 
Brightness temperatures over ice, due to the remarkedly different “ 
roughness characteristics of ice opposed to water, display no marked 
decrease with increasing angle from nadir until greater than 30°. A 
recent U.S.S.R. report states that this property also is present at 10 
GHz (Shifrin 1968). 


It has been stated that the ice-water boundary is easily identified - 
in the microwave imagery (NCMRED 1967). This is readily seen by comparing 
figures 3 and kh. Emissivities in the microwave region are near unity 
for ice, whereas water has been found to have an emissivity near O.l. 

This large differential enables water and ice of equal thermal temperatures 
to be readily distinguished by means of microwave remote sensing. 


i all: ice produced a characteristic microwave brightness 
temperature around 250°K, one should be able to map ice concentrations: 
per scan spot directly as a function of Tp. However, several other 
variables contribute to this observed Tg: (1) The surface thermal. 
temperature may vary widely as a function of ice thickness (insulation) 
and during periods of radiative cooling; (2) the dielectric constant, 
intrinsically tied to salinity, is dependent largely on the age of Ae 
ice, since less salt characterizes older ice; and (3) moreover, thickness 
alone (at least the initial h-5 meters of development) has been shown to 
markedly increase the microwave radiatim (Shifrin 1968). Paris (1968) 
discusses many of these relationships. : 


~ Due to considerable signal "noise," it was necessary to saiegeee the 
microwave. data to an averaging process. With the much coarser resolution 
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from the high altitude pass compared with the lower one, it was necessary 
to perform different data manipulations at each altitude. Data from the 
O.3-km pass were condensed into average values from two adjacent scan 
spots (three at nadir) from two successive scan lines. Data from nadir 
to +30° were utilized. At the 10-km altitude full resolution data 
‘between +10° were employed for analysis. Despite a reduced scan angle, 
the 10-km pass coverage perpendicular to the flight track is ten-fold 
that obtained during the 0.3-km. pass. The analyses of the microwave 
data after rectification and together with the 0.3 km photography are 
presented in figures 5, 6, and 7. -The horizontal (along flight line) 
scales are identical for both strips, whereas the vertical (normal to 
flight line) scales differ and are indicated. Even with this coarse 
analysis using 20°K intervals in Tp, the potential of microwave for 
depicting ice-water boundaries is apparent (fig. 7). Solid pack ice 
(fig. 7) and open water (figs. 5 and 6) show comparatively homogeneous 
temperature fields (2h0°K and 100°K, respectively), as opposed to close c 
pack ice areas farther from shore (fig. 5). The regions intermediate in 
+ Tp to these extremes represent varied ice.conditions, primarily where ice 
sand water conglomerates are below the resolution of the scan spot averages 
or where very thin ice (gray ice) prevailed: 


At the 10-km altitude the width of the field of view for the nadir 
position is 70 meters; at the 0.3-km altitude this width can be obtained 
by.scanning +38° from nadir. It was felt that the 0.3-km data should be 
restricted to +10° from the nadir so that the information would not be- 
overly obscured by more averaging. This swath width is 106 m. Since the 
higher flight was run at nearly twice the speed of the 0.3-km pass, all 
O.3-km data within +10° from nadir and over l-secmd intervals have been 
' averaged to match, as closely as possible, the nadir values obtained 
during the 10-km pass. Figure 8 presents this comparison. The cloud 
effects in the high altitude data seem particularly apparent, although 
the ice-water boundary is still dramatically. appare@t. An increase in 
cloud thickness away from shore is suggested. At 4.3. nautical miles from 
the ice-water boundary a big floe (fig. 5) is partially resolved by the 
+10 swath average from 0.3 km. Clouds and the increased width of the 
10-km swath obscure this feature. Immediately off the ice-water boundary 
the open water Tp from both altitudes is within 10-15°K. This differen- 
tial increases to l0O-60°K about 5 nautical miles from the ice-water 
boundary. | | 


Several reports on studies made from Earth-based radiometers 
looking at the sky or sun suggest considerable allowance must be made for 
cloud and water vapor attenuation and emission (Haroules and Brown 1969). 
Kriess (1968) has presented theoretical results of liquid water effects 
on Earth Tp. His computations show that a 1-km thick stratus layer with 
a cloud top temperature of 277°K will increase the measured Tp by nearly 
20°K at the nadir. In his calculations, he assumed the liquid content 
of the cloud to be 0.3 gm m-3, It is doubtful that the stratus observed - 


6 


in the case considered here had such a high liquid-water content. However , 
as shown by Porter (1970), an additional 10°K brightness temperature 

(over water) may easily be added by the intervening atmosphere through 
emissions from water vapor and'gases. Several tens of degrees of bright-. 
ness temperature are a customary stratus contribution. Pie 


.A final analysis was performed comparing 0.3-km infrared and 
microwave data. The comparison is provided in figure 9. No infrared 
data exist for the 10-km pass. Due to the opposed scanning modes 
(discussed earlier), comparison was possible only at nadir. ‘Registry of 
these data was obtained that corresponds to a 16-km path at nadir along 
the 0.3-km flight line. Considerable noise in the signal limited the 
benefit of this comparison. Nevertheless, it appears that little 
temperature difference existed between the ice and water surfaces. A 
differential would be expected only when the air temperature is well 
below the freezing temperature of the sea water (approximately -2°C).°°- 


“IV. CONCLUSIONS 


Microwave apparent brightness temperatures taken over ice and water 
indicate that a substantial contribution of additional microwave energy 
from stratus cannot be neglected. Over water, where emissivities are 
low, this effect is quite significant. At 19.35 GHz (1.6 cm), water 
vapor alone may significantly increase -any horizontally polarized 
radiation over water. The 100-150°K range in Tp exhibited by ice provides 
a quantitative contrast. This contrast could enable satellite reconnais- 
sance to provide additional information, such as thickness, salinity, and 
thermal temperature of the ice. If, however, variable atmospheric 
contamination is not held accountable, the range of ice Tp is decreased, 
and relative measurements may be all that are practicable. It is quite 
possible that lower microwave frequencies will recover more quantitative 
measurements of ice type and thickness. 


“--‘As the observational frequency of microwave radiation is decreased, 
the antenna size must. increase to.maintain comparable ground resolution. 
One must constantly be aware of the limitations as to what can be 
resolved. Ice leads or polynyas readily visible from an aircraft 
microwave system may be well beyond the resolution capabilities of a 
similar system on an orbiting satellite. Furthermore, highly variable ice 
conditions below resolution capabilities appear at some intermediate Tp 
between the ice-free water and solid pack ice extremes. These intermediate 
Tg's are not necessarily unique because they also can be indicative of a 
fairly thin homogeneous or gray ice. Consequently, for ice surveillance 
‘coincident photography (high resolution) in addition to thermal imagery 
supplies excellent auxiliary inputs to a microwave radiometer system. — 
Other potential supplementary information may be provided through dual 
polarization, active and passive (scatterometry) sensing, and multifrequency 


microwave imagery. 
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Figure 2.--Relationship of microwave radiometer swaths to ground truth photography. 
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Figure 3.--Ice-free water microwave brightness temperature at- selected 
scan angles. 
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Figure .--Compact pack ice microwave brightness temperature at selected. 
scan angles. 
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Figure 8.--Comparison of microwave brightness temperatures from the 10-km 
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